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Micro-saccadesAccurate saccadic and vergence eye movements towards selected visual targets are fundamental to per-
ceive the 3-D environment. Despite this importance, shifts in eye gaze are not always perfect given that
they are frequently followed by small corrective eye movements. The oculomotor system receives dis-
tinct information from various visual cues that may cause incongruity in the planning of a gaze shift.
To test this idea, we analyzed eye movements in humans performing a saccade task in a 3-D setting.
We show that saccades and vergence movements towards peripheral targets are guided by monocular
(perceptual) cues. Approximately 200 ms after the start of ﬁxation at the perceived target, a ﬁxational
saccade corrected the eye positions to the physical target location. Our ﬁndings suggest that shifts in
eye gaze occur in two phases; a large eye movement toward the perceived target location followed by
a corrective saccade that directs the eyes to the physical target location.
 2013 Elsevier Ltd. All rights reserved.1. Introduction is further illustrated by the involvement of task demand (HayhoeTo perceive the 3-D visual world we scan the visual scene by
saccadic eye movements, accompanied by vergence eye move-
ments. Despite the involvement of numerous sensory and motor
areas of the oculomotor system in programming gaze shifts, cor-
rective saccades are frequently observed even if the saccade target
is a simple, isolated visual object (e.g. Becker & Fuchs, 1969; Ross
et al., 2001; Sheliga & Miles, 2003), implying that gaze shifts are
not perfectly performed. A saccade error may derive from the
non-linear behaviour of saccades, e.g. from the high acceleration
of eye velocity (Collewijn, Erkelens, & Steinman, 1988) or because
the location of the saccade target was not precisely mapped (Hung,
Semmlow, & Ciuffreda, 1986; Semmlow et al., 1993, 1994).
An alternative explanation for inaccurate gaze shifts may come
from the fact that the oculomotor system receives visual informa-
tion from different sources (e.g. monocular vs. binocular cues) that
may lead to conﬂicting solutions. Saccades may be programmed by
bottom-up saliency (Masciocchi et al., 2009) and by the perceptual
interpretations of stimuli (e.g. Grave, Franz, & Gegenfurtner, 2006;
Melcher & Kowler, 1999; Supèr et al., 2004; van der Togt et al.,
2006; Vishwanath & Kowler, 2004). Strong evidence for perceptual
control of saccadic eye movements has been found in experiments
using illusions that reveal the difference between perceived and
physical stimulation (Bernardis, Knox, & Bruno, 2005; Binsted &
Elliot, 1999). Perceptual or cognitive control of saccade planninget al., 2003), behavioural relevance (Hayhoe & Ballard, 2005), mem-
ory (Aivar, Hayhoe, & Chizk, 2005), and attention (Mulckhuyse,
Zoest, & Theeuwes, 2008; Schall & Hanes, 1993) in target selection.
Gaze shifts may be especially susceptible to errors when a sac-
cade is directed in 3-D space. It is well known that visual or per-
ceived space, including peri-personal space, does not exactly
match physical space, and under certain conditions causes a mis-
match between the estimated and the physical target distance (Az-
nar-Casanova et al., 2011; Ooi, Wu, & He, 2001). The latter study
demonstrated that subjects placed targets at different angular ele-
vation to match perceived distance and that subjects use visual
space for target localization.
To test the idea that corrective saccades represent incongruity
(perceptual vs. physical space) in oculomotor programming, we re-
corded the eye positions of observers who alternated their gaze be-
tween two target points placed on texture gradients that induced
an illusion of depth (Saunders & Backus, 2006). As a consequence,
the distance of the two target points to the observer are physically
the same but perceptually different (near and far). Therefore, we ar-
gue that the visual direction of the physical target (Fig. 1C, a, b) dif-
fers from the direction of the perceived target location (Fig. 1C, a0,
b0). So we hypothesize that the saccade amplitude to be different
when shifting gaze to near and far targets because the oculomotor
systemuses the perceived distance and not to the physical distance.
In this way we could test whether corrections of eye position de-
pend on this incongruity. We complemented this task by a saccade
task under natural viewing conditions.
Our data show that the oculomotor system uses monocular
depth information for programming saccadic and vergence eye
Fig. 1. Task of the main experiment, stimuli used, and sketch of the eye components computed for posterior analysis. (A) Observers switched gaze (10 items) between two
target points presented on a gradient texture and indicated the perceived distance to the target (near or far). Gaze shifts (i.e. saccades) always went along the axis of the depth
change. Target points (black dots) appear larger than in the task for visibility purposes. (B) The directions of the gradient textures that were used. (C) Schematic explanation of
the hypothesis. The saccade amplitude (a) and vergence angle (b) are expected to be smaller (a0 , b0) when the gaze is directed to the perceived target location.
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perceived target, a ﬁxational saccade corrected the eye positions to
the physical target location. The observed ﬁxational saccade de-
pended on the occurrence of the target saccade and was observed
under natural and limited viewing conditions. We propose that eye
gaze shift in a 3-D environment consists of two phases; a rapid eye
movement (saccade and eye vergence) towards the peripheral tar-
get location programmed by perceptual (monocular) cues followed
by a more gradual (corrective saccade and vergence) eye move-
ment guided by physical cues once ﬁxating the target.2. Materials and methods
2.1. Observers
We recorded the eye positions of 5 volunteers (2 males and 3
females, mean age 25 years, range: 21–28; one of them was an
author) who participated in the experiments with the texture gra-
dients. All observers had normal visual acuity and stereo vision.
They were given detailed instructions for the experiments and pro-
vided written informed consent before participating in the study,
in accordance with the Helsinki Declaration. The study was ap-
proved by the Ethics Committee of the University of Barcelona.2.2. Texture gradient task
Observers faced a tangent screen (39  29 cm) at a viewing dis-
tance of 59 cm. The trial began with a grey screen with a black
point of 0.02 at the centre of the screen (Fig. 1A). Observers were
required to ﬁxate on this point for 300 ms. After removal of the
central point, an inclined (30 from frontal position) checkerboard
texture was presented. The surface slant about the vertical/hori-
zontal axis resulted in a rightward, leftward, upward and down-
ward direction of the texture gradient (see Fig. 1B for the stimuli
used). In addition to slated surfaces, we also used frontal textures
(see below). On the texture a small dot (target point of 0.02) wasdisplayed at 6.88 from the centre of the screen. Depending on its
location on the gradient, the target point could be perceived as
being near or far relative to the observer. For instance, in Fig. 1A
the session started with a near position. All textures had the same
space-averaged luminance as the initial grey background.
Observers had to move their gaze from the central ﬁxation point
to the ﬁrst target point by making a saccadic eye movement. Once
they considered their ﬁxation stable they pressed a button indicat-
ing the relative distance (near or far) of the target point. After 2 s
the ﬁrst target point was removed and the second target point ap-
peared simultaneously at the other side of the gradient at the same
distant from the centre of the screen (i.e. 13.76 from the ﬁrst tar-
get point). This was the cue for the observers to shift their gaze to
the new target point. In addition, they had to indicate whether
they perceived the point as being near or far. This cycle of alternat-
ing target points and gaze shifts was repeated 10 times for each
gradient direction.2.3. Control tasks
In a ﬁrst control experiment we applied the same task as that
described above but now using a uniform checkerboard texture
that did not induced depth perception (see Fig. 2A texture between
the two inclined textures). The results of this task allowed us to
test the role of perceived depth in oculomotor programming and
to rule out effects of visual stimulation. All observers performed
this texture gradient task as the trials were randomly interspersed
with the experimental ones. In another task (done by three of the
former participants) observers performed the texture gradient task
under binocular and monocular viewing conditions to test the role
of binocular disparity. To assess the possible inﬂuence of local im-
age statistics at the target position all observers participated in two
additional control tasks (Fig. 2). In one control task the observer
ﬁxated a target point 6.88 away from the centre while the texture
gradient changed between a frontal and a 30 inclined plane (again
with surface slant about the horizontal and vertical axis). After
Fig. 2. Control tasks. (A) While observers ﬁxated the target point (small upper dot), the gradient switched periodically between a frontal and an inclined plane. Ten switches
were programmed in each session. The position of the target point coincided with the direction of the slant or inclination of the gradient. (B) Observers switched gaze (10
items) between two target dots presented on two different textures with high (shown) or low density grid. The position of the target points coincided with those presented in
the experimental conditions. The target points are represented larger than it was in the experiment for clarity.
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tance (near or far) of the target point (Fig. 2A). In a second control
task we used a uniform background with either high or low density
textures. Observers had to alternate their gaze between two targets
by making saccadic eye movement (Fig 2B).2.4. Natural viewing task with all available depth cues
Three of the observers participated in the natural viewing task.
This experiment consisted in a setting of six LEDs (= possible tar-
gets) forming a semi-circle with a radius of 35 cm (16.3–20.2)
from a central LED on a black board that was inclined 30. The
observers were seated in a fully lit room providing access to all
depth cues, and their viewing distance was 60 cm. Observers alter-
nated their gaze between a central point (lit for 2 s) to a target
point (lit immediately after the offset of the central point, also
for 2 s) by making a saccadic eye movement. Once they consid-
ered that their ﬁxation was stable, they pressed a button indicating
the relative distance (far or near) of the point.2.5. Eye movement recording
Eye positions were recorded at a sampling rate of 500 Hz with a
head mounted video based tracking system (EyeLink II, SR-Re-
search, Ontario, Canada). Each recording session lasted for about
4 min. The observer s0 head movements were immobilized using
a dental imprint bite-bar (Bite-Buddy, UHCOTECH Head Spot, Uni-
versity of Houston). In the natural viewing task, head position was
loosely controlled by a chin rest, which inevitably results in noisy
data. Before each session, the gain and linearity of the eye tracker
were calibrated (9 point calibration) for both horizontal and verti-
cal eye positions.Sx ¼ DIPðDIP
2ðY l  Y rÞðY l þ Y rÞ þ 4DIPðXrY2l  XlY2r  ðXr þ XlÞDSD2Þ þ
2ð2XrY l þ 2XlY r þ DIPðY l þ Y rÞÞ2 þ 8ððDIP þ Xl 2.6. Data processing
For each gradient direction and observer the saccade onset times
were calculated (Supèr et al., 2004) and the data samples within a
window of 100 ms to 1400 ms relative to saccade onset were ex-
tracted. Two timewindows (the Start Fixation and the Response peri-
ods)weredeﬁned for further analysis. The Start Fixationwindowwas
from 50 ms to 150 ms after the saccade onset and the Response per-
iodwindowwas from775 ms to 1050 ms based on themean behav-
ioural response distribution. The Stimulus switch period in the
saccade control task was deﬁned as the ﬁrst 225 ms from the mo-
ment of the stimulus switch and the Response period was from
425 ms to 700 ms. Erroneous saccades, i.e. saccades not directed to
the target location and artifacts (e.g. blinks) were removed ofﬂine,
leaving 90% of the total number of responses.We employed the pre-
viously described method (Martinez-Conde, Macknik, & Hubel,
2000) to detect ﬁxational saccades. Fixational saccades were ana-
lyzed within a window of 350 ms starting from the ﬁxation onset.2.7. Computation of saccadic eye movements and eye vergence
We calculated the amplitude of saccadic eye movements and
the angle of eye vergence (Grossberg et al., 1992). We transformed
the HRef recordings (X and Y coordinates of left [l] and right [r]
eye), provided by the Eye Link II software, into angular units
through algorithms designed to calculate 3-D components (Sx, Sy,
Sz) of both eye gaze vectors. Sx,y,z represent the point at which
the intersection of both eye gaze vectors made the least error in
a cyclopean frame of reference. The transformation was performed
taking into account the real distance of the screen (DSD) to the ob-
server and the actual inter-pupil distance (DIP) and converting
them taking into account a factor of 15000 HRef/cm. Sx,y,z are calcu-
lated as follow:4ðX2r ðY2l þ DSD2Þ  X2l ðY2r þ DSD2ÞÞÞ
XrÞ2 þ ðY l  Y rÞ2ÞDSD2
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2Þ
ð2XrY lþ2XlY rþDIPðY lþY rÞÞ2þ4ððDIPþXlXrÞ2þðY lY rÞ2ÞDSD2
Sz ¼DIPðY lþYrÞð2XrY lþ2XlYrþDIPðY lþY rÞÞDSDþ4DIPðDIPþXlXrÞDSD
3
ð2XrY lþ2XlYrþDIPðYlþY rÞÞ2þ4ððDIPþXlXrÞ2þðY lYrÞ2ÞDSD2
We calculated the saccade amplitude by (1) azimuth (horizon-
tal), (2) latitude (vertical) and the focalized distance by (3) ver-
gence angles.
Azimuth ðaÞ ¼ arctg Sx
Sz
 
ð1Þ
Latitude ðaÞ ¼ arctg Syﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
S2x þ S2z
q
0
B@
1
CA ð2Þ
Vergence ðbÞ ¼ arctg DIP=2kSk
 
ð3Þ
where ||S|| was calculated as:
kSk ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
S2x þ S2y þ S2z
q
ð4Þ3. Results
We recorded eye positions of observers that alternated their
gaze between two target points placed on a texture gradient that
induced an illusion of depth (Fig. 1). As a consequence, distances
to the two target points were perceptually different but not phys-
ically (Saunders & Backus, 2006). The depth illusion was robust as
conﬁrmed by the consistent behavioural report of perceived dis-Fig. 3. Average eye positions after saccades and behavioural response distribution. (A
latitude for vertical directed saccades). Lower traces represent the vergence angles. Two
analysis. Data is average of all subjects and trials. (C and D) Behavioural response distrib
bars depict the saccades towards a near/far target points. Dark grey bars show the overtance with the gradient direction (99% of the responses coincided
with perceived distance).3.1. Gaze shifts are made towards the perceived target location
We then calculated the average saccade amplitude (a0) and ver-
gence angle (b0) across all trials and subjects. The experimental re-
sults show that the average eye ﬁxation stabilized (mean ± SEM:
a0 = 13.12 ± 0.004; b0 = 5.31 ± 0.02) around the physical target
location (a = 13.76; b = 5.28) at the time when the subject re-
sponded (the Response period; Fig. 3). However, when the subject
started ﬁxating the target, the average amplitude of saccades
tended to be smaller (see boxes in Fig. 3A and B). Thus, despite
the same visual direction of the near and far targets, when the sac-
cade is made towards the far target point the saccade amplitude is
smaller than when it is directed towards near target point. This
observation indicates that the saccade is made toward the per-
ceived target location.
To ﬁnd out whether eye gaze is directed to the perceptual target
location, we compared the saccade amplitudes and vergence an-
gles of the trials in which saccades were made in the same direc-
tion but on opposing texture gradient directions (i.e. saccades to
far targets vs. saccades to near targets). In other words, we com-
pared the amplitudes and vergence angles of, for example, upward
saccades made on the upward and downward directed texture gra-
dient. Such a comparison is legitimate since eye ﬁxation stabilizes
(as the results show during the Response period) around the phys-
ical target location in all conditions (see Fig. 3A and B). It is neces-
sary because vergence is disrupted by the saccadic eye movement
(Collewijn, Erkelens, & Steinman, 1988; Sheliga & Miles, 2003;
Fig. 3A and B), which rules out a direct comparison of the observed
vergence angle (b0) and the real angle (b).and B) Upper traces represent the saccade amplitude (azimuth for horizontal and
time windows (the Start Fixation and the Response periods) were deﬁned for further
ution over time from rightward (C) and upward (D) saccades. Black/grey traces and
lap of both distributions.
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Fixation period) the average saccade amplitude and vergence angle
were smaller when the saccade was directed to the perceived far
target point (grey traces in Fig. 3A and B) than when the saccade
was directed to the perceived near target point (black traces in
Fig. 3A and B). For both eye movement types and in all texture gra-
dient conditions, this difference was signiﬁcant only during the
ﬁrst few hundred milliseconds after ﬁxation onset (Fig. 3A and B,
t-test, p < 0.01). This result was conﬁrmed by the observed signiﬁ-
cant difference in the mean eye position during the Start FixationTable 1
Statistical comparison (repeated measures) of eye positions during the Start Fixation perioperiod (Fig. 4; Table 1). Fig. 4 shows the differences in the magni-
tude of the corrective saccades (or gaze positions for the Response
period) between several conditions (saccades to far vs. near targets
and saccades to far targets vs. saccades made on frontal textures,
i.e. without depth illusion). A comparison of these results and those
obtained in the control task using a uniform checkerboard texture
showed that saccade amplitudes and vergence angles were smaller
during the Start Fixation period when a saccade was directed to-
ward a far perceived target, but not when it was directed toward
a near perceived target (Table 1). When the subjects respondedd.
20 L. Pérez Zapata et al. / Vision Research 86 (2013) 15–26(the Response period) no signiﬁcant differences between the two
conditions (towards far or near targets) were observed (Fig. 4).3.2. Size of the differences in saccade amplitude and vergence angle
In an earlier paper (Aznar-Casanova et al., 2011) we tested the
inﬂuence of an implicit local slant surface on stimulus distance.
The data showed that distance in depth were overestimated for
weakly slanted surface and underestimated for steeply slanted sur-
face. The transition occurred between 55 and 65 of inclination.
Within this interval the perceived depth corresponded to the in-
duced depth. In our current study we use an inclination of 60 from
the ground plane (or 30 from frontal–parallel plane). This means
that the estimated distance corresponds to the perceived distance.
Previous psychophysical studies also have shown that the per-
ceived depth is equivalent to the induced depth (Saunders & Back-
us, 2006).
Therefore, to have an estimation of the extent of a match be-
tween our eye data with the perceived target location, we calcu-
lated the peak differences between saccade amplitudes and
vergence angles of saccades directed toward the near and far per-
ceived target points. In our experiments saccade amplitudes
should be almost 1 smaller and vergence angles 0.6 when gaze
is directed to the perceived target location than when it is directed
to the physical target location (see Fig 4). During the Start Fixation
period, the mean peak difference in amplitude (mean ± SEM:
Da = 0.91 ± 0.08) of saccades made towards far and near target
points ﬁt the expected perceptual inﬂuence of the texture gradient
(Fig. 3; Table 1). The perceptual distance (a0) between the two tar-Fig. 4. Difference in gaze positions between conditions at Start Fixation and Response
(amplitude, B) between the saccades directed to near and far perceived target points and
and the Response period (light grey bars). Frontal surface without dept cues where also
between the mean peak differences and noise (dotted line). Error bars represent SEM.get points was 12.76, whereas the physical distance (a) was
13.76. Regarding the values of vergence angles, the observed
mean peak difference (mean ± SEM: Db = 0.38 ± 0.04) was smaller
than the expected difference (Db = 0.56) between the perceptual
(b0 = 4.72) and physical (b = 5.28) angles (Fig. 4). During the Re-
sponse period the mean peak differences in gaze adjustment
(Da = 0.16 ± 0.05) and vergence angle (Db = 0.10 ± 0.03) were
not statistically different to the noise (= 0.1; Fig. 4). Thus, our ﬁnd-
ings support the conclusion (Grave, Franz, & Gegenfurtner, 2006;
Melcher & Kowler, 1999; Supèr et al., 2004; van der Togt et al.,
2006; Vishwanath & Kowler, 2004) that the oculomotor program
uses mainly perceptual cues for guiding saccadic, and to a lesser
extent vergence eye movements.3.3. Correction of ﬁxation requires target saccade
To control for the necessity of a target saccade and to exclude
the possibility that stimuli properties (i.e. the different local gradi-
ent texture around the two target points) can explain the ﬁndings,
a control experiment was performed (Fig. 2). In this task the obser-
ver ﬁxated a target point while the gradient changed between a
frontal and a 30 inclined plane. The observers reported the change
in perceived distance of the target point. We calculated the average
versional and vergence angles after each stimulus switch. The re-
sults show no change in the average eye position when the stimu-
lus was switched (Fig. 5). The results were conﬁrmed by a t-test
that showed no time points at which the eye positions differed sig-
niﬁcantly (p < 0.01) between the different gradients. Neither a dif-
ference in average eye position was observed between the Stimulusperiod. (A and B) Average peak differences in vergence angle (A) and in version
the distributions of these differences during the Start Fixation period (dark grey bars)
used as control. Asterisks denote the statistically signiﬁcant (p < 0.01) differences
Fig. 5. Average eye positions and behavioural response distribution obtained in the control experiment. (A and B) Upper traces represent the vergence angles. Lower traces
represent the ﬁxational eye positions (azimuth, latitude). Black (grey) traces depict the average eye positions when the gradient switch changed the perceived target locations
from far-to-near (near-to-far). (C and D) The histogram represents the behavioural response distribution over time. Black and light grey bars represent the responses for
ﬁxations at near and far perceived target points, respectively. Dark grey bars show the overlap of both distributions. Two time windows (the Stimulus switch and the Response
periods) were deﬁned for further analysis.
Fig. 6. Mean adjustment on gaze position in different conditions. (A and B) The average magnitude of gaze correction without saccades (black bars), saccades made on images
with high (dark grey bars) of low (light grey bars) density textures but without illusion of depth, and experimental conditions where saccades were made to far targets (white
bars). Error bars indicate SEM.
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calculated for each trial, the possible adjustment around a detected
micro-saccade. We therefore ﬁrst detected the moment of a micro-
saccade after the start of ﬁxation and calculated the difference in
gaze position just before and after the micro-saccade as described
before. The ﬁndings show that there is almost no difference in gaze
position before and after a micro-saccade (Fig. 6, black bars). Thus,
our observation indicate that the change in visual stimulation and
the change in perceived distance of the target point does not pro-
duce a strong modulation in the eye position during ﬁxation, even
though observers reported a change in perceived distance of the
target point. The results of the control experiment, in which sac-
cades where made on high or low density textures without a depth
illusion showed that stimulus density had no effect on gaze posi-
tion during ﬁxation (Fig 6, grey bars). Adjustments in gaze position
(both in amplitude and vergence) however were observed. It is
known that saccade behaviour has the tendency to systematically
undershoot visual targets which may reﬂect an optimal control
strategy as the system has to cope with several conﬂicting con-straints. For instance, the internal noise within the oculomotor sys-
tem, a low spatial resolution in the peripheral retina, and a penalty
for overshooting the target, as corrective saccades then have to
cross hemispheres require a speed-accuracy trade-off. Neverthe-
less, the size of these undershoots were much smaller than the
ones observed after saccades towards far targets (Fig. 6, white
bars).
3.4. Monocular vs. binocular viewing
To investigate the cause of the correction of the eyes we tested
observers in the texture gradient task but under monocular view-
ing conditions. In 96.5% of the trials, a correction was found for
stimuli eliciting a mismatch in depth perception when the stimu-
lus was viewed with one eye. To analyze the possible inﬂuence
of viewing conditions on the size of the correction we compared
the correction in eye position with the ones found in the binocular
task. The results showed that in both conditions the sizes of the eye
correction were equally strong for all saccade directions and tex-
22 L. Pérez Zapata et al. / Vision Research 86 (2013) 15–26ture gradients (Fig. 7). Multiple testing showed linear effects of the
viewing condition (F1,1249 = 19, p < 0.0001) and saccade direction
(F3,1249 = 20.52, p < 0.0001), but not for the texture gradient
(F2,1249 = 2.27, p = 0. 104) factor. There was no signiﬁcant interac-
tion between factors. Higher amplitude values tended to be found
in the binocular condition (t-test558 = 4.70, p < 0.01), but this ef-
fect was not statistically signiﬁcant for each combination of texture
gradient and direction (t-test, p > 0.05). Thus correction of the eye
position during ﬁxation was observed in binocular and monocular
viewing conditions, and is therefore not a sole effect of binocular
disparity.
3.5. Pupil size and accommodation
We also analyzed the temporal changes in pupil size during and
after each saccade in all conditions. Pupil size reveals changes in
eye accommodation (Plainis, Ginis, & Pallikaris, 2005; Schaeffel,
Wilhelm, & Zrenner, 1993) and therefore is indicative for depth
perception. The results show that pupil size changed, in both mon-
ocular and binocular viewing conditions. However, for all saccadeFig. 7. Ratio between the sizes of ﬁxational saccades observed during monocular and b
indicates equal size of the observed eye correction in the binocular and monocular view
Fig. 8. Temporal changes in the average pupil area. (A and B) The average pupil areas f
(grey) traces represent the pupil area when gaze is moving from a far (near) to a near (far
represent SEM.directions, the changes in pupil size were no different when the
eye moved toward the far target point and when it was directed
to the near one (Fig. 8).
We also analyzed the maximum difference in pupil size in a
window when the adjustment occurred (grey bars in Fig. 9). An
ANOVA was carried out taking into account three factors (viewing
conditions [two levels], saccade direction [four levels] and texture
gradients [three levels]). None of the factors were statistically sig-
niﬁcant (viewing conditions: F1,1249 = 3.37, p = 0.07; saccade direc-
tion: F1,1249 = 1.48, p = 0.22: texture gradient: F1,1249 = 1.65,
p = 0.19). In addition, the temporal modulation did not coincide
with changes in eye position. These data indicate that the correc-
tion in eye position was not an effect of changes in
accommodation.
3.6. Corrections of eye position by ﬁxational saccades
Visual inspection of the average data shows that the eye posi-
tions were adjusted abruptly by a small saccade at around
200 ms after the saccade offset. In almost all trials, a correctioninocular viewing. Data were obtained from the right eye. Ratio of 1 (vertical lines)
ing task. Insets indicate the direction of the saccade (arrow) and the texture.
rom all participants and sessions for rightward (A) and upward (B) saccades. Black
) target point. Pupil areas of both eyes (measured in arbitrary units, AU). Dotted lines
Fig. 9. Temporal changes in the pupil size of the right eye during binocular and monocular viewing tasks. Vertical grey shaded bars indicate the time of the correction of the
eye positions.
Fig. 10. Onset latencies plotted against the peak velocities of eye corrections. (A–D) Values for version/vergence movements are represented by black/grey dots. Time is from
the target saccade onset. Insets show the amplitudes of the eye corrections plotted against the peak velocities. A linear regression line (grey line) is ﬁtted. Black/grey dots
represent the version/vergence data.
L. Pérez Zapata et al. / Vision Research 86 (2013) 15–26 23by saccadic (99%) and vergence (99%) movement larger than noise
(0.1) was observed. To characterize the correction we calculated
its velocity and amplitude. The velocity of the correction in eye po-
sition was 50–200/s, with a mean velocity of 100/s. The mean
amplitude was 0.91 (min = 0.06; max = 3.25; STD = 0.56). Weplotted the amplitude against velocity and ﬁtted a linear function
(Fig. 10). The results show a clear correlation between velocity
and amplitude. These characteristics (amplitude, velocity, and
their correlation) agree with the deﬁnition of a micro-saccade
(Martinez-Conde et al., 2009; Rofs, 2009; Zuber, Stark, & Cook,
24 L. Pérez Zapata et al. / Vision Research 86 (2013) 15–261965). We also performed a correlation analysis between the
velocities and amplitudes of the target saccade and the corrective
saccade. However, no signiﬁcant correlations were found.3.7. Latency of target saccade and amplitude of ﬁxational saccade
Saccade latency can change the saccade trajectory (Mulckhuyse,
Van der Stigchel, & Theeuwes, 2009) and accuracy (Grave & Bruno,
2010; McSorley & Cruickshank, 2010). Therefore, we studied the la-
tency of the saccades (Fig. 11). After calculating the latency, we
grouped the trials into fast (Fast Saccades) and slow (Slow Sac-
cades) groups (for each observer separately and for all trials)
according to a criterion deﬁned by mean latency ± ½ STD
(mean = 248 ms; STD = 14 ms). Then, we carried out a two-factor
ANOVA (taking as factors: saccade latency [slow and fast] and
direction [upwards, downwards, leftwards or rightwards]) on the
amplitudes of the ﬁxational saccades. No signiﬁcant effects were
found (latency: F1,171 = 0.31, p = 0.58; direction: F3,171 = 0.87,
p = 0.46; interaction: F3,171 = 2.15, p = 0.09). Neither signiﬁcant (t-
test30 = 1.229, p = 0.24; t-test28 = 1.364, p = 0.21; t-test28 = 0.962,
p = 0.96; t-test30 = 0.552, p = 0.59; t-test28 = 1.079, p = 0.29) differ-
ences between the fast and slow saccades were found from each
observer. Therefore, saccade latency had no effect on the occur-
rence and size of the adjustment in eye position during the
ﬁxation.3.8. Correction of eye position during ﬁxation by ﬁxational saccade
with all available depth cues
We repeated the experiment in a more free viewing condition
under natural conditions (Fig. 12A), i.e. head position was loosely
controlled by a chin rest and observers were seated in a fully
lighted room providing access to all depth cues. Note that in thisFig. 11. Saccade latency and size of eye corrections. (A) Distribution of the latencies of t
groups that were tested. (B) Mean amplitudes of the eye corrections (ﬁxational saccadetask there was no artiﬁcial separation of perceptual and physical
depth cues, like in the previous experiments. The data show that
corrections in saccade amplitude and eye vergence were clearly
visible in individual trials (Fig. 12B). However, because of the large
variability in the timing of the eye corrections, the correction of the
eye position during ﬁxation was not visible in the averaged data
(Fig. 12B). In 73% of the trials a ﬁxational saccade was observed
around 200 ms after the start of ﬁxation. These adjustments were
classiﬁed as micro-saccades, as they had a mean velocity of 100/s
and a mean amplitude of 1.3, and there was a linear relation be-
tween both variables (Fig. 12C).4. Discussion
For guiding gaze shifts, the visual system uses monocular and
binocular cues to generate a 3-D representation of the external
world. However, some depth signals are not congruent and provide
the oculomotor system with conﬂicting visual information. Here
we addressed this issue by separating perceptual and physical
depth cues by using inclined and slanted texture gradients. In this
way the perceived target location, based on monocular depth cues,
was different than the physical target location. We found that eye
gaze (saccades and fast vergence eye movements) is programmed
by the perceptual information. After 200 ms of ﬁxating the new
target location, a small corrective eye movement (ﬁxational sac-
cade and vergence eye movements) adjusted the eyes positions
to the physical target location. This adjustment was done involun-
tary, occurred only after the saccade, and did not affect the percep-
tion of the target location.
Our ﬁndings agree with a previous study that using the Brent-
ano illusion reported a similar correction in eye position (Grave,
Franz, & Gegenfurtner, 2006). However, Brentano illusion does
not involve 3-D vision. Also our observations are in line with thehe target saccades for each saccade direction. Shaded frames represent the saccade
s and vergence) across all saccades. Bars represent SEM.
Fig. 12. Natural viewing task: (A) An array of light-emitting diodes (LED) was
positioned on an inclined surface. (B) Average (dotted lines) and individual
examples of saccade amplitudes (black lines) and vergence angles (grey lines).
Arrows point to corrective ﬁxational eye movements. (C) Peak velocity of the
corrective eye movement vs. its amplitude. The linear ﬁt is plotted.
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movement, are composed of a fast open-loop movement which
brings the eyes near the target position, followed (after approx
200 ms) by a slower movement that is under visual feedback con-
trol that reduces the residual error (or ﬁxation disparity) to a few
minutes of arc, i.e. within Panum’s fusional area (Hung, Semmlow,
& Ciuffreda, 1986; Semmlow et al., 1993, 1994).
Whether or not vergence eye movements are programmed by
perceptual information is controversial. Some studies show a clear
dissociation between depth perception and vergence eye move-
ments (Erkelens, 2001; Masson, Busettini, & Miles, 1997; Teichert
et al., 2008; Wismeijer, van Ee, & Erkelens, 2008). However, other
evidence demonstrates perceptual effects on eye vergence (En-
right, 1987; Hoffmann & Sebald, 2007; Wagner, Walter, & Papa-
thomas, 2009). Our observations are in agreement with a
perceptual control of eye vergence movements during gaze shifts
but not during ﬁxation.
4.1. Motor properties of the saccade
It has been proposed that motor feedback corrects eye positions
since retinal signals reach the visual areas too late to provide visual
feedback (Joiner, Fitzgibbon, &Wurtz, 2010). In addition, corrective
eye movements are observed after a saccade made in complete
darkness (Leigh & Zee, 2006), which indicates that the correctiondoes not depend on visual information. Such non-visual correction
is probably based on monitoring of efferent motor commands.
However, our corrective eye movement occurs 200 ms after the on-
set of ﬁxation, which is indicative of visual control. Moreover, such
a long delay indicates that the adjustment does not represent an
inaccurate target saccade, i.e. it is not a correction due to under-
shoot or overshoot of the ballistic eye movement. Moreover, we
found ﬁxational saccades after horizontal and vertical saccades
made on an inclined texture gradient to far perceived targets but
not after saccades made to near perceived targets or after saccades
made on frontal textures. Thus, it is unlikely that the mechanistic
properties of the saccade can explain our results.
4.2. Role of micro-saccades in correcting ﬁxation after target saccade
The observed correction of the eyes during ﬁxation may relate
to micro-saccades as they are small ﬁxational saccades. Micro-sac-
cades may prevent loss of conscious vision (Martinez-Conde et al.,
2006), relate to shifts in attention (Engbert & Kliegl, 2003; Hafed &
Clark, 2002; Rofs, 2009) and may improve visual acuity (Ko, Poletti,
& Rucci, 2010; see also Rucci & Desbordes, 2003). Also micro-sac-
cades can reduce binocular disparity resulting from errors in the
vergence angle (Engbert & Kliegl, 2004). Our results are in agree-
ment with such an interpretation showing a role of corrective sac-
cades in recovering the precise physical information of the visual
stimulus. However, unlike micro-saccades that are evoked by
maintained ﬁxation, the observed micro-saccades relate to the
occurrence of a target saccade in 3-D space. Thus there appear to
be different types of micro-saccades, which may be associated with
different neural circuits (Snodderly, Kagan, & Gur, 2001). We pro-
pose that one type of micro-saccade is to correct the eye position
after a target saccade to ensure that the respective lines of sight
of the two eyes will intersect on the visual target. Neurophysiologi-
cal evidence shows that micro-saccades are encoded in the rostral
part of the superior colliculus (Ziad, Goffart, & Krauzlis, 2009),
where eye ﬁxation is controlled. Therefore, according to our ﬁnd-
ings, the superior colliculus controls voluntary goal directed eye
gaze shifts. This ﬁnding may be relevant for understanding oculo-
motor control in general, and the anomalous gaze patterns and
unstable ﬁxation that are common in a variety of pathologies
(Leigh & Zee, 2006; Ramat et al., 2007).
4.3. Two steps in programming eye movements
To gaze to a new visual object in space, distance to the target
needs to be calculated accurately. Depth information comes from
monocular depth cues such as texture gradient and from binocular
depth cues, like disparity. Typically it is assumed that information
obtained by these cues need to be coupled for programming the
shift in eye gaze (Semmlow et al., 1994; Sheliga & Miles, 2003).
Our data show that the initial planning of a saccade and the fast
vergence movements towards a peripheral target is based on per-
ceived distance using mainly monocular depth cues, and only after
ﬁxation, eye position is corrected by visual information for the
physical target location.
This second step in oculomotor behaviour is also observed in
our natural viewing task. At ﬁrst sight this may seem odd, since
there is no (artiﬁcial) separation between perceptual and physical
target location under these conditions. However, it is known that
visual (perceived) space, including peri-personal space, has a bias
and therefore does not exactly match physical space. This causes
a mismatch between the estimated and the physical target dis-
tance for targets located at small ground inclinations (Aznar-Casa-
nova et al., 2011; Ooi, Wu, & He, 2001). Thus, as under normal
situations perceived and physical distances are different our re-
sults from the natural viewing task with a slight slant of 30 sup-
26 L. Pérez Zapata et al. / Vision Research 86 (2013) 15–26port our ﬁrst experimental results using texture gradient to sepa-
rate perceived from physical distance.
4.4. Conclusion
In conclusion, we propose that the oculomotor system has a
two step strategy for shifting eye gaze; a large shift toward the per-
ceived target location and a small (200 ms) shift to the physical
target location.
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